Abstract: Phytoplankton composition plays a major role in biogeochemical cycles of the ocean. The intensity of carbon fixation and export is strongly dependent on the phytoplankton community. Yet, the contribution of different types of phytoplankton to the total production on various communities is still poorly understood in the Indian Ocean sector of Southern Ocean (SO). Therefore the variability of chlorophyll-a (Chl-a) and diatoms in the frontal ecosystems of the Indian sector of SO have been investigated along with the sea surface temperature (SST), sea surface wind (SSW), photosynthetically active radiation (PAR), and nutrients datasets for the period of 1998-2012. Combined analysis of in-situ, model and satellite observations indicate that the variability of Chl-a and diatoms were primarily influenced by light and wind. The Chl-a was higher at the sub-Antarctic front (SAF) followed by the sub-tropical front (STF) and the polar front (PF). The diatom concentration was higher at the SAF followed by the PF and STF. Maximum concentration of Chl-a and diatoms commonly observed at the SAF region are probably due to the moderate PAR, SST and wind. Dominance of diatoms at the PF may be attributed to their adaptability for low light conditions. The results from this study in the frontal ecosystems would help to understand the biogeochemical cycle of the Indian sector of the SO.
Introduction
The Southern Ocean (SO) is an important component of the global carbon cycle with unique physical and chemical characteristics due to its connectivity to the entire World Ocean. The Polar Front (PF) is one of the major fronts associated with the Antarctic Circumpolar Current (ACC). Other fronts within the ACC include the sub-Antarctic front (SAF) and the Sub-tropical front (STF) (Orsi et al. 1995) . There is a strong gradient in sea surface temperature (SST) across the fronts especially at the PF region as it marks the transition between cold Antarctic surface water to the south and warmer sub-Antarctic surface waters to the north. Each SO front is an important boundary in terms of physical, chemical, and biological characteristics of the Ocean. The chlorophyll-a (Chl-a) concentrations in the SO are typically low despite the high concentrations of major nutrients in the surface waters and hence known as the High Nutrient Low Chlorophyll regions (HNLC) . Phytoplankton associated with the PF is typically dominated by diatoms species (Brown and Landry 2001; Salas et al. 2011) . Unlike smaller phytoplankton, large diatoms are less susceptible to grazing by microzooplankton and typically have long reproductive times relative to the smaller celled species (Smetacek et al. 2004) .
Among the various groups of phytoplankton the contribution of diatoms to the global primary production and planktonic food chain is very significant (Treguer et al. 1995) . They dominate the phytoplankton throughout the Antarctic and Arctic Oceans and are responsible for the highest level of primary production under the nutrient replete conditions of the SO (Nelson et al. 1995) . The thick accumulation of diatomaceous sediment on the SO sea floor shows their importance in the export of carbon to the deep ocean (Honjo et al. 2008) . Diatoms utilize silicic acid to construct their cell walls and are partly controlled by its availability and distribution. The diatoms efficiency in the biological pump plays a crucial role in explaining paleoclimate and past oceanographic processes (Stoermer and Smol 1999) . Studies of modern oceanic processes, ancient marine sediment cores and diatom ecology suggest that export and burial of diatoms has the potential to cause rapid changes in atmospheric CO 2 concentration. Diatoms are estimated to contribute up to 45% of global primary production (Mann 1999) making them a major player in global biogeochemical cycles. Several other characteristics about diatoms physiology give them an ecological advantage over other phytoplankton competitors in the polar oceans. In contrast to other phytoplankton species whose division cycles are strongly coupled with the diel light cycle, diatoms are capable of dividing their cells at any point during the day (Martin-Jezequel et al. 2000) . These features of diatoms physiology observed in-situ, probably contribute to higher growth rates at high latitudes compared to other marine algae (Furnas 1991) . The strong seasonal cycle, low solar radiation and strong mixed layer depths in the SO frontal regions contribute to the reduced chlorophyll concentrations and phytoplankton abundance over an annual cycle (Abbott et al. 2000) . Phytoplankton blooms due to the sea ice melting in the SO are well known. Firstly sea ice melt releases fresh water that forms a buoyant surface layer, stratifying the water column, this inhibits vertical mixing and increases mean light level in a shallow surface mixed layer (Krikman and Bitz 2011) . Secondly the melting ice provides a potentially considerable source of iron because of the winter accumulation of aeolian particles on the sea ice surface (Gao et al. 2003) .
The SO is recognized as a sink and source for the atmospheric CO 2 over glacial-interglacial and seasonal climate cycles (Sigman and Boyle 2000), but there are uncertainties in the relative quantity and importance of different water masses in frontal regions to the physical, chemical and biological processes that drive CO 2 exchange (Sigman et al. 2010) . To understand the distribution and ecology of diatoms in the surface sediments and how this is connected to the surface water, it is essential to establish reliable proxies of past sea surface conditions (Armand et al. 2005) . Though the SO is an HNLC region, the Chl-a concentration and phytoplankton blooms have been observed in the vicinity of major SO fronts (Moore and Abott 2002) and on meridional transects of the PF (Menglet et al. 2001) . Within this context, little is known about the spatial frontal variability of both Chl-a concentration and abundance of diatom community over a long period in the Indian Ocean sector of SO. In-situ observations of Chl-a and diatoms are difficult to collect in the SO due to its remoteness and limited accessibility. Satellite remote sensing and long records of model-derived datasets are being used for assessing large-scale oceanic processes in the SO. The present study deals with the variability of chlorophyll-a (Chl-a) and diatoms in the frontal ecosystems of the Indian sector of SO, in response to the sea surface temperature (SST), sea surface wind (SSW), photosynthetically active radiation (PAR), and nutrients datasets using in-situ (2012) and model datasets (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) .
Methods
In-situ sampling. -Extensive work has been carried out to identify the different frontal regions of the Southern Ocean (SO) using satellite and model analysed observations (Orsi et al. 1995; Holiday and Read 1998) . While identifying the fronts, the discrepancy in the positions occurs because of diverse datasets and methodologies. Although the north-south movement of fronts are well known in the Southern Ocean, for the purpose of this study we have classified three frontal regions: the subtropical front (STF: 39°S-43°S), subAntarctic front (SAF: 45°S-48°S) and polar front (PF: 52°S-56°S) along the 53.5°E and 57.5°E meridian in the Indian Ocean sector of SO (Fig. 1) .
A total of eight stations were sampled from the three frontal regions on board ORV Sagar Nidhi during the austral summer (Jan-Feb) of 2012 ( Table 1 ). The water samples were collected using a rosette sampler from the surface water 1-5 m by the SBE CTD (SeaBird, USA) for the analysis of chlorophyll-a, diagnostic pigments and nutrients. The nutrients (nitrate, phosphate and silicate) were measured in an autoanalyzer, (Skalar Analytical San ++ 8505 interface V3.05, Netherland), using standard protocols (Grasshoff et al. 1983) . For the Chl-a and diagnostic pigment analysis, the samples were filtered through GF/F filters (nominal pore size 0.7 μm), extracted with 90% acetone overnight and analyzed against standard marker pigments by high performance liquid chromatography (HPLC) method (Van Heukelem and Thomas 2001). Abundance of diatoms was estimated based on the diagnostic pigments (DP) analysis as follows (Barlow et al. 2007 )
Allo -Alloxanthin, and PSC is photosynthetic carotenoid pigments, which was further estimated as follows:
The proportion of diatoms was estimated as:
Satellite datasets and model analyses. -Satellite datasets on monthly and annual average chlorophyll-a (Chl-a) concentrations, Sea Surface Temperature (SST), Sea Surface Wind (SSW), and Photosynthetic Available Radiation (PAR) were acquired from the National Aeronautics and Space Administration (NASA) data archive as specified details in Table 2 . QuickSCAT wind vectors (25 km spatial resolution) and the Aqua-Moderate Resolution Imaging Spectro radiometer (MODIS) SST products were acquired from NASA Jet Propulsion Laboratory. SeaWiFS (9 km spatial resolution) and MODIS (4 km spatial resolution) monthly products of Chl-a and PAR were acquired from the Ocean Biology Processing Group (OBPG), Goddard Space Flight Center. These products were used as input for running the NASA Ocean Biogeochemical Model (NOBM), along with in situ observations. Monthly and annual averages on Chl-a, diatom concentrations (0.667 × 1.25° spatial resolution) and nitrate products (0.5 × 0.625° spatial resolution) from the model analysed field (NOBM) were used in the present study during 1998-2012. This model is based on 14 vertical layers in quasiisopycnal coordinates, driven by wind stress, SST, shortwave radiation and the ocean general circulation model (OGCM), and has been extensively validated with in-situ based nutrients and chlorophyll (Gregg et al. 2003) . In this work we have performed comparative analysis of in situ observations, satellite datasets, and model output field as shown in Fig. 2 .
Results
Variability of Chl-a and diatoms.
-The values of Chl-a and diatoms concentrations averaged annually and within the three frontal regions (as delimited in this study) for the period 1998-2012 were computed (Figs 2 and 3 ). There was a general decline in Chl-a concentration from the SAF (0.28 ± 0.038 mg m -3 ) to the STF (0.26 ± 0.032 mg m -3 ) and the PF (0.177 ± 0.014 mgm -3 ) as shown in Analysis of in situ observations collected during February 2012 indicated that Chl-a was highest at the SAF (0.81 mg m -3 ) followed by the PF (0.615 mg m -3 ) and the STF (0.48 mg m -3 ) as shown in Fig. 4 . Similarly the diatoms dominance was greatest in the PF region with diagnostic pigment (DP) index of 0.59 compared to the STF region (0.06). Unfortunately there is no in-situ data on diatoms index' because of the lack of pigment samples for this location. Model results for Chl-a and diatom concentrations follow the same distributional pattern at the fronts as the in-situ data.
Variability of nitrate. -Modelled nitrate concentrations showed large variations between the fronts with highest concentrations at the PF (5.03 ± 0.234 μM L -1 ) followed by the SAF (3.42 ± 0.145 μM L -1 ) and STF (2.7 ± 0.112 μM L -1 ) as shown in Fig. 3 . At the STF and SAF, the peak of nitrate concentrations were recorded during 2001, while at the PF the peak concentration was observed during 2010. The nitrate level remained above 2.4 μM L -1 in all frontal regions (Fig. 3a-c ). The nitrate concentration shows the negative relationship with Chl-a and diatom at STF (r = -0.2) and SAF (r = -0.063) regions, whereas the positive relationship at PF (r = 0.537), indicating no role/ influence of nitrate in the low/high concentration of Chl-a and diatoms in the PF region. At the PF, the in-situ nitrate concentrations were 5 times higher than the model output (Fig. 3c,d ). Similarly the in-situ values were 2 times higher than the model output at the STF region (Fig. 3a,d ). The result suggests overall underestimation tendency of model output compared to in-situ observations. The observed discrepancy between model and in situ observations could be due to the difference in sampling time period. Model results are monthly average values; however in-situ observations are single measurement in a given time of the day.
Variability of sea surface temperature (SST). -Annual average of SST were highest at the STF (15.52 ± 0.35°C) followed by the SAF (6.77 ± 0.38°C) and PF (1.75 ± 0.24°C) as shown in increased from 2010 to 2012, however the entire trend was decreased at STF and PF (Fig. 5a1-a3) . Whereas there was a single year (2009) notably cooler SST in the SAF and no obvious trend was found between 1998 and 2012.
Variability of photosynthetic available radiation (PAR).
-The annual average of PAR decreased from the STF to the PF through the SAF, as expected due to the latitudinal change, as shown in Fig. 5 . The inter-annual variation was highly significant during 1998-2012 in different frontal regions. The PAR was highest at STF (28 ± 0.95 E m -2 day -1 ) followed by SAF (23 ± 1.04 E m -2 day -1 ) and PF (21.75 ± 0.98 E m -2 day -1 ). At STF, the highest PAR was 29.56 E m -2 day -1 in 2000 and the lowest was 27.53 E m -2 day -1 in 2006. At SAF, the maximum PAR was 24.89 E m -2 day -1 in 1998 and the minimum was 20.2 E m -2 day -1 in 2010. At PF, the highest PAR was 22.71 E m -2 day -1 in 2005 and the lowest was in 2004 (21.03 E m -2 day -1 ). The average PAR distribution was greatly followed by the distribution of Chl-a and diatoms across all the fronts with positive correlations. The PAR had significant correlations ( The monthly statistical relationship between the biological parameters (Chl-a and diatoms) and PAR, wind, SST and nitrate are shown in Figs 6 and 7. The result reveals that Chl-a and diatoms variability is dominantly influenced by PAR at the PF (r = 0.82; p = 0.0001) followed by SAF and STF (Figs 6 and 7) . In general, significant negative relationship was observed between wind and these biological parameters (Chl-a and diatoms). SST showed significant relationship with Chl-a and diatoms at PF and at STF, but not at SAF. Nitrate showed significant relationship with Chl-a and diatoms, only at the STF and SAF.
Discussion
The highest average Chl-a concentration and diatom abundance were observed at the SAF showing several peaks between 1998 and 2012. A most plausible explanation would be that the moderate wind speed (annual average calculated from weak and strong wind speed of individual months of a particular year) at the SAF facilitate a thorough mixing at the surface of the ocean, which results in the accumulation/growth of phytoplankton biomass (Chl-a) and particularly diatom abundance in this frontal region as compared to the STF and the PF. As the wind speed increases the mixed layer deepens, stratification decreases and the mean light level available to phytoplankton decreases. In contrast, weaker winds result in an increase in stratification, and a well illuminated shallower mixed layer. On the other hand, weaker winds may limit the input of iron. Although the PF experiences higher average winds speeds (and therefore greater mixed layer depth and reduced light availability), the influence of sea ice melt to support surface stratification and increase iron availability may offset the wind effect compared to the SAF (Fitch and Moore 2007) .
Chl-a concentration and diatom abundance showed large scale variations at the different frontal regions due to changes in the environmental conditions (Mishra et al., 2015 (Mishra et al., , 2017 . PAR was found to be a limiting factor for phytoplankton in general (Chl-a) and diatoms in particular in various frontal regions. However, the highest abundance of diatoms were associated with the regions of the Southern Ocean characterised by moderate wind speeds (10.2-11.3 m/s; Fig. 5 ) and intermediate PAR (21-25 E/m 2 /day; Figs 5 and 6). Wind speeds increase pole-ward and cause the intensification of upwelling, which is responsible for regulating the distribution of phytoplankton biomass (Arrigo et al. 1999; Sallee et al. 2010) .
The influence of both wind speeds and PAR indicated the extensive variation in positive/negative trend of Chl-a and diatoms abundance during 1998-2012 (Fig. 5) . It was observed that the diatoms abundance is under the purview of strong windier and turbulent environments and hence the dominance (96%) at PF over large spatial scales. Such impacts on diatoms trend from the STF to the SAF in an Indian sector of Southern Ocean was also reflected from inter annual variability of the Southern Annular Mode (SAM), which involves the intensification and southward migration of the Southern Ocean westerlies (Fig. 5) , which may be the source (Bintanja et al. 2013 ) that effect shifting of the Chl-a and diatoms concentrations from STF to SAF and PF (Fig. 4) .
This shift in the proportion of diatoms from STF to PF might be due to the some molecular mechanism known as genetic adaptability of the organisms. Therefore, the unique phytoplankton communities from subtropical to polar regions have the ability to utilize other environmental conditions to overcome the bioenergetics pressure (i.e. metabolic pathway) due to light, temperature, nutrients stratification, wind, oxygen minimum zones and carbonate saturation depth which regulate the spatial distribution (Barbara and Thomas 2014). Thus, the physical-chemical conditions might affect the adaptation of diatoms at the different fronts, as it was observed, maximum clustering over the SAF followed by the STF and PF. The SST shows decreasing trend during 1998-2012 from STF to PF through SAF region with moderate variations (5.7ºC-7.4ºC ). This trend may be caused due to the expansion of Antarctic sea ice, which is associated with decreasing SST and could explain the minimum variation at the PF. It is also consistent with global warming processes and associated expansion of Antarctica sea ice (Bintanja et al. 2013) . In the present study it limits the area between 38°S-56°S, the heat flux induced SST cooling starts from STF and ends at PF coinciding a negative sea ice extent. As a result, the surface density at PF changes to form upper ocean stratification. The cross frontal phytoplankton bloom is detected near the marginal ice zone using in-situ and satellite observations in the Southern Ocean (Moore and Abbott 2002; Brusseler et al. 2003) .
The reason for maximum diatoms abundance at the SAF and the PF compared to the STF may be due to the melting of sea ice, leading to water column stability, stratification, shallow mixed layer depth and input of iron, which acts as nutrient like iron as co-factor (Fitch and Moore 2007) . Two important factors have been observed in the present study as restraining phytoplankton growth at the SAF and PF more than at STF, due to the iron limiting as the source of nutrient to surface waters through mixing or upwelling and the availability of irradiance (Arrigo et al. 1998) . It has also been suggested elsewhere that the strong winds may possibly postpone the initiation of diatom concentrations, whereas moderate winds stimulate their growth. This is reflected (Fig. 5b1-b3 ) in the present modelled time series observations, where diatoms flourished mostly at the SAF during periods of average wind speeds, and gradually decline as winds get stronger. However, the greatest contribution of diatoms to Chl-a is seen at the PF and might be due to the impact of winds forcing for mixing (Fig. 5b1-5b3 ), low light adaptation and consumption of carbohydrate storage molecules (Morgan-Kiss et al. 2006) . Furthermore, during the reduced irradiance period (Palmisano and Garrison 1993), diatoms can uptake dissolved organic material such as sugars and starches for energetic breakdown. In diatoms the urea cycle plays a major role as means of recovering carbon and nitrogen reduction during the duration of photo respiration (Parker et al. 2008) , while in the presence of light, fatty acid (FA)-β-oxidation pathway under which lipids can be used as metabolic intermediates for adenosine triphosphate (ATP) synthesis (Armbrust et al. 2004) . Thus the metabolic plasticity being revealed through diatoms genomes is likely fundamental to their ability to flourish within extreme and highly variable environments such as in the polar regions. Other authors have already reported that stratification, mixed layer depth and reduced winds regulate the phytoplankton composition, including diatoms (Fitch and Moore 2007; Gao et al. 2013) . On the other hand, diatom intensifications are favoured during increased stratification due either to warm surface water or freshwater input. This is because diatoms prefer to live in not so well i.e. strong mixed waters (Arrigo et al. 1999) . In another work, the integrated Chl-a concentration was highest at SAF south west region of SO (45ºS) followed by STF and PF (Thomalla et al. 2011 ) and the diatoms dominance was 60% of the total phytoplankton biomass during 1996 and 2000. This result agrees with the present modelled observations where about 80% of the total Chl-a concentration was contributed by diatoms at both SAF and PF (Fig. 3) .
PAR limitation has been reported as the cause of low phytoplankton biomass in the Southern Ocean (Mitchell et al. unpublished data) . These findings support the present modelled time series observations (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) , where at the surface of the PF with lowest PAR and high nitrate chlorophyll was low, whereas at the SAF with moderate PAR and moderate nitrate concentration Chl-a and diatoms showed maximum values (Figs 4 and 5) . This moderate PAR and wind speeds along with the reduction of the extend of the MLD contributed to the larger phytoplankton production at the SAF than at the STF and the PF. On other hand, low PAR and high nitrate concentrations favoured diatoms dominance at the PF (Fig. 3b, c) . Low light adapted diatoms efficiently utilized the available PAR and due to a genetic adaptability at SAF and PF (Fig. 6b3, c3) . On the contrary, at the STF the maximum PAR correlates with SST (Fig. 6) , where low Chl-a concentration could be due to the PAR exceeding photosysnthetic requirements, causing photo-inhibition at the surface (Fig. 6a3) .
Conclusion
The highest Chl-a concentrations were observed at the SAF followed by the STF and PF, while the dominance of diatoms was evident at the PF followed by the SAF and the STF. It was shown that diatoms constitute more than 90% of the Chl-a at the PF and 86% at the SAF region, which indicates their tolerance to low light conditions and their ability to utilize carbohydrate storage molecules during low light periods. Modelled time series analysis of Chl-a and diatoms contribution to Chl-a during 1998-2012 show negative trends at the PF region. Further studies are required to analyse more in-situ observations along with biogeochemical models delineating phytoplankton functional types to better understand and compute the impact of changing diatoms contributions and other phytoplankton components on the biogeochemical cycles in the Indian Ocean sector of Southern Ocean.
